Abstract Variation in gut length of closely related animals is known to generally be a good predictor of dietary habits. We examined gut length in 28 species of butterflyfishes (Chaetodontidae), which encompass a wide range of dietary types (planktivores, omnivores, and corallivores). We found general dietary patterns to be a good predictor of relative gut length, although we found high variation among groups and covariance with body size. The longest gut lengths are found in species that exclusively feed on the living tissue of corals, while the shortest gut length is found in a planktivorous species. Although we tried to control for phylogeny, corallivory has arisen multiple times in this family, confounding our analyses. The butterflyfishes, a speciose family with a wide range of dietary habits, may nonetheless provide an ideal system for future work studying gut physiology associated with specialization and foraging behaviors.
Introduction
Relative gut lengths of vertebrates have long been studied and compared within and among species (e.g., Al-Hussaini 1949) . The most common explanations for relatively longer guts in herbivores focus on the chemical defenses of plants (e.g., Levin 1976; Hay and Fenical 1988) , the indigestibility of plant fiber (e.g., Stevens 1989; Karasov and Martínez del Rio 2007) , or the poor nutritional quality of plants as food. If plants are considered ''low-quality'' foods, then increased relative gut length in herbivores could serve as an adaptation in several possible ways: to increase the amount that can be ingested, to increase the time that food remains in the gut for digestion and absorption, and/or to increase the amount of surface area available for absorption (Karasov and Diamond 1983; Yang and Joern 1994; Starck 2005) .
Gut morphologies are also known to be plastic and vary among individuals within a species in relation to different diets (e.g., Raubenheimer and Bassil 2007) . For example, numerous studies have demonstrated phenotypic responses to changes in experimental diets (Buddington and Diamond 1987; Starck 2005) and through the course of ontogeny, particularly where diet changes (e.g., Kramer and Bryant 1995a) . As a gross method of inter-specific comparisons, however, relative gut lengths have long been widely accepted as an important descriptor of gut morphology and an indicator of dietary composition (Al-Hussaini 1949; Kramer and Bryant 1995b) . Among three major families of coral reef fishes, Elliott and Bellwood (2003) found relative gut length to be a reliable predictor of general diet.
Potential phylogenetic constraints of gut morphology, however, may confound comparisons of distantly related taxa (Westneat 1995; Elliott and Bellwood 2003; German and Horn 2006) , so care must be taken when selecting study organisms for such comparisons.
Among coral reef fishes, there is great ecological and morphological diversity, and within this group, the butterflyfishes (family: Chaetodontidae) are notable for their diversity of trophic behaviors. General categorizations include planktivores (e.g., Allen et al. 1998) , herbivores (e.g., Bouchon-Navaro 1986), and general omnivores (e.g., Bouchon-Navaro 1986). Unique to the butterflyfishes are the large number of species that have facultative or obligate usage of coral tissue as a prey source (see Rotjan and Lewis 2008) . Coral feeders in the genus Chaetodon have attracted a great deal of attention in the context of their role as potential indicator species (e.g., Crosby and Reese 1996) , particularly those butterflyfish species that feed obligately and exclusively on corals (e.g., Chaetodon trifascialis, Irons 1989). However, very little work has been done on the nutritional ''quality'' of diets of coral-feeding fishes (but see Kung and Ciereszko 1985) relative to noncoral food sources. The predicted relationship of gut length for coral feeders is therefore unclear. Two previous studies examined gut lengths of coral feeders (Motta 1988; Elliott and Bellwood 2003) , and both found that coral-feeding fishes had longer gut lengths than omnivores or herbivores, but neither of these two studies discussed the significance of longer guts in corallivores. The implication, however, is that coral tissue is a nutritionally poor resource (i.e., poorer than algae), and a coral feeder is thus required to have a longer gut. Corallivorous butterflyfishes, with rare exceptions, do not ingest skeletal carbonate material, and the most only remove coral tissue or polyps (Motta 1988) .
Recent detailed studies of butterflyfish diets have revealed marked differences in dietary composition even within broad trophic groups (Berumen et al. 2005; Pratchett 2005 Pratchett , 2007 . In particular, the increased resolution of foraging specialization and selectivity among coral-feeding fishes (e.g., Pratchett 2007; Berumen and Pratchett 2008) greatly enhances our understanding of the dietary preferences and foraging behaviors of the large number of species utilizing coral tissue as an obligate food source. Within the obligate coral feeders, there are varying degrees of specialization, ranging from specialists targeting one single coral prey species (Irons 1989; Pratchett 2007 ) to generalists consuming most coral species in given location (Berumen et al. 2005; Pratchett 2005 ). At our study site in Papua New Guinea, we recorded over thirty species of butterflyfishes representing a wide variety of feeding habits (see Allen et al. (1998) for species' authorities). The diversity of feeding strategies in a suite of such closely related fishes offers the opportunity to ask whether gut length serves as an accurate indicator of dietary composition in butterflyfishes. We predict that these fish will conform to the traditional patterns established by previous studies (e.g., Al-Hussaini 1949; Kapoor et al. 1975) , with relative gut lengths of planktivores \ carnivores \ omnivores \ herbivores \ corallivores (the latter prediction drawn from Motta (1988) and Elliott and Bellwood (2003) ).
Materials and methods
Individual butterflyfishes were collected using hand spears on reefs in Kimbe Bay, Papua New Guinea (5°S, 151°E), between February and April of 2007. To avoid potentially confounding ontogenetic shifts, only adult fishes were collected. The total length of each fish was measured to the nearest mm. The alimentary tract was dissected out, and the full unstretched gut length from the pyloric duct to the rectum was measured to the nearest mm. The relative gut length was then calculated as a ratio of gut length to body length. Univariate ANOVA was conducted for 26 species (Chaetodon bennetti and Chaetodon unimaculatus were excluded since n = 1 for these species). To examine the data for isometry (sensu Raubenheimer 1995), we used analysis of covariance (ANCOVA). Except where noted, all statistical procedures were conducted using R (R Development Core Team 2010).
We grouped our study species into five feeding guilds following Pratchett (2005) . Where sufficient dietary information was not available, we classified species into an ''unknown'' dietary guild. Univariate ANOVA was conducted for the five known dietary guilds. Although we are aware of geographic variation in the feeding habits of some butterflyfish species (e.g., C. unimaculatus, Cox 1994 cf. Pratchett 2005 , the categorizations we use here are based on the northern Great Barrier Reef, geographically similar to our study site in Papua New Guinea. Nonetheless, these broad groupings are subject to geographic variation.
As related species do not necessarily represent statistically independent data, comparisons involving conventional statistics may be invalid (Felsenstein 1985; Harvey and Pagel 1991) . We tested our results for a significant phylogenetic signal (Freckleton et al. 2002; Garland et al. 2005 ) using the program PHYSIG.M in MatLab Ò (Blomberg et al. 2003) . This program generates a descriptive statistic K that provides an index of the amount of phylogenetic signal within a trait based on the Brownian motion model of evolution for a given phylogenetic tree with known topology and branch lengths (Blomberg et al. 2003) . K-values equal to 1 indicate that a trait shows an expected amount of phylogenetic signal, whereas K-values less than 1 indicate a trait has less signal than expected and values of K greater than 1 suggest there is more phylogenetic signal than expected. This approach performs 1,000 randomizations on the current 'best-estimate' phylogeny and reports K-values for each trait of interest (Blomberg et al. 2003) . These phylogenetic analyses were undertaken using a pruned phylogeny of a recent molecular phylogeny of the butterflyfishes (Fessler and Westneat 2007) (Fig. 1) . This phylogeny included 27/28 species examined in this study. Chaetodon lunulatus, used in our study, was not used in the molecular phylogeny, and subsequently, we substituted the sibling species Chaetodon trifasciatus, which appears to be ecologically and morphologically indistinguishable except for minor color variations (Kuiter 1995 (Kuiter , 2002 .
Results and discussion
Gut length appears to be a useful predictor of general dietary type in the butterflyfishes. Overall, corallivores had much longer guts (relative to total length) than generalists, noncorallivores, and planktivores, which is consistent with previous work in coral reef fishes (Elliott and Bellwood 2003) . Variations in relative gut length were significantly different (ANOVA, df = 25/115, F = 36.607, P \ 0.001) among the study species (Fig. 2) . Relative gut lengths did vary among broad feeding guilds (ANOVA, df = 4/96, F = 11.573, P \ 0.001), and fishes that feed exclusively on either hard or soft corals had the longest gut lengths (Fig. 3) . This makes it possible to speculate on the diet of species currently categorized as ''unknown''. For example, Forcipiger flavissimus appears to fall squarely into the category of non-coral feeders, while Heniochus singularis may potentially be a generalist or feeding on soft corals. These species would make interesting test cases for further research. A significant effect of body size on gut length was also found (ANCOVA, df = 9/91, F = 25.04, P \ 0.001), indicating that some differences in gut length may arise allometrically and may not solely be the result of dietary habits.
The exact nutritional reasons that longer guts may be needed by coral-feeding butterflyfishes are unclear, and future work in this area would be informative. It is possible that the guts of corallivorous fishes must be longer to facilitate effective handling of defensive secondary metabolites known to be in the tissues of some soft corals (Alino et al.1992 ) and hard corals (e.g., Gochfeld 2004) . The species with the longest gut of all the butterflyfishes studied herein belonged to Chaetodon ornatissimus, which is reported to feed on coral mucus (Coles and Strathmann 1973) . Such a long gut may be necessary to facilitate the processing of the complex polysaccharides in this mucus. Gregson et al. (2008) found that corallivores had the Fig. 1 Pruned phylogeny of a recent molecular phylogeny of the butterflyfishes (Fessler and Westneat 2007) . This phylogeny included 27 of 28 species examined in this study. Chaetodon lunulatus, used in our study, was not used in the molecular phylogeny, and subsequently the sibling species Chaetodon trifasciatus (Kuiter 1995) was substituted. Species are assigned into one of five feeding guilds (following Pratchett 2005): NC non-coral feeder (almost never feeding on hard or soft corals), OC obligate hard coral feeder (almost exclusively feeding on hard corals), SC soft coral feeder, G generalist (often feeding on hard or soft corals, but with a significant portion of diet from noncoral sources), and P planktivore. The exact diets for four species are unknown and are noted with a ''U''
Coral Reefs (2011 Reefs ( ) 30:1005 Reefs ( -1010 Reefs ( 1007 highest bite rates among the Chaetodontidae, suggesting that coral tissue may be of lower nutritional value than prey items consumed by non-corallivores. Additional considerations, such as biotransformation enzymes (e.g., DeBusk et al. 2008 ) and the presence of algal symbiont material in coral tissue, represent areas where further work could help to answer questions about the nutritional ecology of corallivory. Resolution of these questions will require experimental testing of the nutritional requirements and further analysis of digestion and utilization of nutrients in the gut (sensu Raubenheimer and Bassil 2007) .
Phylogenetic analyses reveal that phylogeny is a significant factor in the differences of relative gut length among butterflyfish species (overall observed estimated K of 1.0703, P = 0.003), based on the phylogenetic relationships established by Fessler and Westneat (2007) . It is important to consider, therefore, the role that evolutionary history has played in determining the relative gut length of these fish (see also Elliott and Bellwood 2003) . Corallivory as a feeding mode appears to have independently arisen in this group multiple times (Bellwood et al. 2010 ), so we must acknowledge that phylogenetic effects may further confound the dietary influence on gut length in this family.
In conclusion, we found that obligate hard-and softcorallivore species have the longest relative gut lengths. Further interpretation of these results must be applied cautiously as potentially confounding effects of phylogeny and allometry are present. These factors could possibly be resolved by further investigation of a larger number of butterflyfish species selected to include more species that are approximately the same size (and thus reducing the problem of allometric scaling) or that represent a more comprehensive set of phylogenetic groups (to determine whether gut length is varying independently of phylogeny). However, this diverse group of fishes provides an ideal opportunity for further research on the nutritional ecology of corallivory, and future work could shed light on the underlying mechanisms leading to or enabling dietary specialization. Mean relative gut length (mm / mm) ± S.E. Relative gut length (mm/mm) Fig. 3 Mean relative gut lengths of various dietary categories of butterflyfishes from Kimbe Bay, Papua New Guinea. Bars represent the mean relative gut length (the ratio of full unstretched gut length (mm) to the total length of the fish (mm)) and are shown ± S.E. Dashed horizontal lines indicate groupings of homogenous subsets identified using Tukey's post hoc test
